Neural crest cells (NCCs) migrate from different regions along the anterior-posterior axis of the neural tube (NT) to form different structures. Defective NCC development causes congenital neurocristopathies affecting multiple NCC-derived tissues in human. Perturbed Hoxb5 signaling in vagal NCC causes enteric nervous system (ENS) defects. This study aims to further investigate if perturbed Hoxb5 signaling in trunk NCC contributes to defects of other NCC-derived tissues besides the ENS. We perturbed Hoxb5 signaling in NCC from the entire NT, and investigated its impact in the development of tissues derived from these cells in mice. Perturbation of Hoxb5 signaling in these NCC resulted in Sox9 downregulation, NCC apoptosis, hypoplastic sympathetic and dorsal root ganglia, hypopigmentation and ENS defects. Mutant mice with NCC-specific Sox9 deletion also displayed some of these phenotypes. In vitro and in vivo assays indicated that the Sox9 promoter was bound and trans-activated by Hoxb5. In ovo studies further revealed that Sox9 alleviated apoptosis induced by perturbed Hoxb5 signaling, and Hoxb5 induced ectopic Sox9 expression in chick NT. This study demonstrates that Hoxb5 regulates Sox9 expression in NCC and disruption of this signaling causes Sox9 downregulation, NCC apoptosis and multiple NCC-developmental defects. Phenotypes such as ENS deficiency, hypopigmentation and some of the neurological defects are reported in patients with Hirschsprung disease (HSCR). Whether dysregulation of Hoxb5 signaling and early depletion of NCC contribute to ENS defect and other neurocristopathies in HSCR patients deserves further investigation.
Neural crest cells (NCCs) are generated from the dorsal neural tube (NT), migrate to the periphery and give rise to diverse cell lineages in many tissues according to the anterior-posterior (A-P) level of the NT from which they originate. [1] [2] [3] Cranial NCCs differentiate into teeth, bone, cartilage and connective tissue in the head; vagal NCCs contribute to the enteric nervous system (ENS) and cardiac outflow tracts; trunk NCCs give rise to sympathetic ganglia and norepinephrine-producing cells in the adrenal gland; sacral NCC contributes to the ENS of distal gut. [4] [5] [6] [7] [8] [9] Skin pigment cells are derived from NCC from all A-P levels. Defective NCC development causes neurocristopathies.
Hox genes encode transcription factors with a DNA-binding homeodomain that recognizes a specific sequence and thereby mediates transcriptional regulation of target genes in numerous developmental processes. In mammals, 39 Hox genes are separated into four clusters Hoxa, Hoxb, Hoxc and Hoxd, on four different chromosomes. Hox genes are subdivided into 13 paralogous groups, and these Hox genes are expressed in overlapping domains with spatially staggered anterior expression boundaries along the NT. [10] [11] [12] [13] The different combinations of Hox genes expressed in these domains are mirrored in the NCC derived from those domains. [14] [15] [16] So far, our knowledge regarding the role of Hox genes during NCC development comes mostly from lossof-function experiments, however, the overlapping expression and extensive functional redundancy among Hox genes preclude detailed investigations of the developmental functions of individual Hox genes in this way.
Among the Hox genes expressed in the developing gut, Hoxb5 expression pattern is intimately associated with vagal NCC and ENS development. [17] [18] [19] [20] [21] [22] [23] [24] Deletion of Hoxb5 caused a rostral shift of the shoulder girdle in mice, implying a patterning role of Hoxb5 in specifying the position of limbs on the body axis. 25 However, no abnormal development was observed in NCC or other tissues that express Hoxb5, probably due to functional redundancy among paralogous Hox members with overlapping expression domains.
To circumvent the problem of functional redundancy and investigate the function of Hoxb5 in NCC, we generated transgenic mice that express a dominant-negative chimeric protein, engrailed-Hoxb5 (enb5), upon Cre-induction.
This enb5 repressor competes with Hoxb5 for binding to target genes, thereby disrupting the developmental pathways that require Hoxb5. Using these mice, we previously showed that blocking Hoxb5 signaling in vagal NCC causes reduced Ret expression, retarded NCC migration and ENS defects, 22 indicating that Hoxb5 regulates vagal NCC and ENS development.
Hoxb5 is also expressed in trunk NCC. To investigate whether Hoxb5 regulates trunk NCC development, in this study we crossed enb5 mice with Wnt1-Cre mice to induce enb5 expression in NCC from the full length of the NT, and looked for NCC abnormalities. We showed that Hoxb5 regulates the expression of Sox9 in trunk NCC, and that perturbation of Hoxb5 signaling in NCC causes downregulation of Sox9, apoptosis of NCC and neurocristopathies in mice.
Results
Hoxb5 perturbation in NCC causes developmental defects. To investigate the function of Hoxb5 in NCC derived from the entire A-P axis of the NT, we crossed enb5 mice with Wnt1-Cre mice. 26 This induced the expression of enb5 protein, perturbing Hoxb5 function in NCC derived from all along the NT. We then studied the effects on the development of NCC and NCC-derived structures.
To trace NCC in Wnt1-Cre/enb5 mice, we used Rosa26R (R26R) Cre activity-reporter mice in our crosses. At E9.0, beta-galactosidase (X-gal)-positive cells were located in the midbrain, frontal-nasal region, first and second branchial arches in both Wnt1-Cre/R26R and Wnt1-Cre/R26R/enb5 (Figure 1a) . By E9.5, X-gal-positive cells were also detected in the hindbrain, third and fourth branchial arches, circumpharyngeal ridge, frontal-nasal process and the entire NT. As the embryos developed further, more X-gal-positive cells were found populating the midbrain, hindbrain, NT and NCCderived structures including the branchial arches, dorsal root ganglion (DRG), sympathetic ganglion and the frontal-nasal region at E10.5. X-gal-positive NCC populated similar regions in Wnt1-Cre/R26R and Wnt1-Cre/R26R/enb5 embryos; however, the intensity of X-gal staining in the NT, DRG and sympathetic ganglion was generally weaker in the Wnt1-Cre/ R26R/enb5 embryos, indicating that fewer X-gal-positive cells were present.
At the trunk level (just distal to forelimb) of E12.5 Wnt1-Cre/ R26R embryos, X-gal-positive cells were localized in the dorsal NT, DRG, in the myenteric region of the small intestine and the segmental nerves of the tail (Figure 1b) . At the same A-P level of the E12.5 Wnt1-Cre/R26R/enb5 embryos, only very faint X-gal staining was detected in the dorsal NT and there was no X-gal staining in the DRG (Figure 1b) . Furthermore, the DRG in Wnt1-Cre/R26R/enb5 was smaller than that in Wnt1-Cre/R26R. Reduced X-gal staining was also observed in the myenteric region of the small intestine in Wnt1-Cre/R26R/enb5.
NCC-derived melanoblasts were present between the skin epidermis and the dermis in Wnt1-Cre/R26R at E12.5 (Figure 2b ; arrowheads), but not in Wnt1-Cre/ R26R/enb5. Defects in cranial, sympathetic and DRG in Wnt1-Cre/ enb5. Glia and neuronal differentiation in the cranial, sympathetic and DRG in enb5 and Wnt1-Cre/enb5 embryos were analyzed using Sox10 (NCC and glia marker) and Islet1/2 (neuron marker). Both transcripts were detected in the trigeminal ganglion, facio-acoustic ganglion, glossopharyngeal ganglion, vagus ganglion, otic vesicle, sympathetic ganglion and DRG in both enb5 and Wnt1-Cre/enb5 at E9.5 and E10.5 (Figures 1c and d) . The temporal and spatial expression patterns of Sox10 and Islet1/2 in the cranial, sympathetic and DRG were comparable, but the intensity was lower in Wnt1-Cre/enb5, in which Hoxb5 signaling was perturbed in all NCC.
We determined the total volume of the DRG from 300 consecutive transverse sections from the trunk level (between the forelimb bud and the hindlimb bud) of E11.5 enb5 and Wnt1-Cre/enb5 embryos. The average volume of DRG in Wnt1-Cre/enb5 was only one-quarter of that in enb5 (Figure 1f ). Immunostaining showed Islet1/2 protein expression in neurons in the DRG and the lateral motor column of enb5 and Wnt1-Cre/enb5 mice ( Figure 1e) ; however, the DRG was markedly smaller in Wnt1-Cre/enb5. In both genotypes, the percentages of neurons in DRG were comparable (Wnt1-Cre/enb5 68.5 ± 5.2% (mean ± S.D.), enb5 73.3±2.9% (mean±S.D.; Figure 1f ), suggesting that the shrinkage of DRG was not solely attributable to loss of neurons.
Defects in skin melanoblasts in Wnt1-Cre/enb5. Trunk NCCs migrate dorsal-laterally between the surface ectoderm and dorsal surface of the somites, then differentiate into melanoblasts expressing melanin-producing enzyme dopachrome tautomerase (Dct). These melanoblasts are precursors of pigment cells in skin and iris of the eye. In enb5 embryos, at E9.5, a cluster of Dct-positive melanoblasts appeared at the cervical region posterior to the otic vesicle ( Figure 2a) . By E10.5, this cervical cluster dispersed and migrated ventrally, populating the branchial arches and anterior trunk (Figure 2a ). Strong Dct expression was also detected in the developing eye and the telecephalon. In Wnt1-Cre/enb5 embryos, there was a drastic reduction in the number of Dct-expressing melanoblasts in the cervical region at E9.5 ( Figure 2a) . By E10.5, fewer melanoblasts had populated the branchial arches, and there were no detectable melanoblasts in the anterior trunk region (Figure 2a ). In contrast, Dct expression in the developing eye and in the telecephalon in Wnt1-Cre/enb5 embryos was comparable to that in enb5 embryos. This absence of melanoblasts during early development led to skin hypopigmentation in Wnt1-Cre/ enb5 mice at postnatal day 3 when fur started to form (Figure 2c ). By postnatal day 21, patches of white fur were obvious (Figure 2c ). In adults, melanocytes were detected in the hair follicles in Wnt1-Cre/R26R and in the hair follicles of the skin with normal pigmentation in Wnt1-Cre/enb5, but not in the hair follicles in the white patches (Figure 2d ).
Defects in ENS in Wnt1-Cre/enb5. We investigated the colonization of the intestine by NCC using X-gal. By E12.5, X-gal-positive neuroblasts colonized the small intestine of both Wnt1-Cre/R26R and Wnt1-Cre/R26R/enb5 embryos ( Figure 1b) . However, the intensity in the small intestine was lower in Wnt1-Cre/R26R/enb5, which indicated that there were fewer neuroblasts. By E16.5, neuroblasts had completed populating the entire gut, reaching the end of the colon in Wnt1-Cre/R26R embryos (Figure 2e ). In contrast, in five out of six Wnt1-Cre/R26R/enb5 embryos of the same litter, the neuroblasts had colonized only as far as the cecum, or up to half of the length or anterior two-thirds of the colon (Figure 2e ). This defective colonization of the intestine by neuroblasts resulted in ENS anomaly in postnatal mice. At P28, a phenotype of megacolon, which resembled HSCR in humans, was observed in Wnt1-Cre/enb5 (Figure 2f ). Immunostaining for Tuj1 (a pan-neuronal marker) detected no enteric neurons in the distal part of the affected colon in Wnt1-Cre/enb5, whereas the proximal part was normally populated (Figure 2f ).
In summary, disruption of Hoxb5 signaling by enb5 in NCC from the entire A-P axis of the NT resulted in multiple NCCdevelopmental defects including hypoplasia of cranial, sympathetic and DRG, hypopigmentation and ENS defects in mice.
Hoxb5 function is required for the survival of vagal and trunk NCC. The developmental defects observed in multiple NCC-derived lineages in Wnt1-Cre/enb5 mice prompted us to examine whether the NCC population was depleted in these embryos. Using TUNEL assay, we detected apoptotic cells in the dorsal NT and the regions between the cardinal vein and dorsal aorta in the levels of both vagal and trunk regions in Wnt1-Cre/enb5 at E9.5 and E10.5 ( Figures 3b and d) , whereas apoptotic cells were rarely detected in enb5 embryos (Figures 3a and c) . The majority of the apoptotic cells were immunostained for p75 NTR (Figure 3e ), a marker of NCC. Thus, blocking the activity of Hoxb5 in NCC along the whole A-P axis of the NT leads to apoptosis of NCC. Apoptosis of NCC was also reported in mice nullified for Sox9.
27
Deletion of Sox9 in Wnt1-Cre expressing cells resulted in vagal and trunk NCC apoptosis and developmental defects. Sox9 is a NCC marker and deletion of Sox9 specifically in NCC by Wnt1-Cre system resulted in cell apoptosis in the ventral and dorsal NT, along the NCC migration pathways in E9. In Wnt1-Cre/R26R embryos, X-gal-positive NCCs were found populating the trigeminal and facio-acoustic ganglion (arrows; Figure 4b ), NT and DRG at E9.5; and sympathetic ganglia and DRG at E10.5 ( Figure 4b ). However, the blue staining in the corresponding structures at both stages of Wnt1-Cre/R26R/Sox9 flox/flox embryos was relatively less extensive and less intense ( Figure 4b ). We determined the total volume of the DRG from the trunk level (between the forelimb bud and the hindlimb bud) of E11. Figure 1A) . The percentages of neurons in DRG in both genotypes were comparable (Supplementary Figure 1B) , implying that, as in the conditional Hoxb5 mutants, the shrinkage of DRG in the absence of Sox9 activity was not solely attributable to loss of neurons.
We also investigated the migration of enteric neuroblasts and skin melanoblasts in Wnt1-Cre/Sox9 flox/flox using X-gal staining. At E14.5, neuroblasts had colonized the entire gut and reached the distal colon in Wnt1-Cre/R26R (Figure 4c ). In contrast, the neuroblasts had populated only up to the cecum and aganglionosis was observed in the distal colon of Wnt1-Cre/R26R/Sox9 flox/flox embryos (Figure 4c ). The expression of Dct in the skin epidermis of Wnt1-Cre/ Sox9 flox/flox and Sox9 flox/flox embryos at E10.5 was comparable in terms of both pattern and intensity (Figure 4d ). By E12.5, melanoblasts were found between the epidermis and dermis of both Wnt1-Cre/R26R/Sox9 flox/flox and Wnt1-Cre/ R26R at the trunk level (compare Figures 4e and 2b ), indicating that melanoblast development was largely unaffected by the Sox9 deletion in NCC.
Perturbation of Hoxb5 function disrupts Sox9 expression in NCC. Blocking Sox9 activity in NCC along the A-P axis of the NT leads to NCC apoptosis and developmental defects of DRG, sympathetic ganglion and ENS, which resemble most of the developmental defects observed when Hoxb5 activity is blocked in the same regions. This suggested that Hoxb5 and Sox9 might function in the same developmental pathway.
To investigate the relationship between Hoxb5 and Sox9 in our mutants, we assessed Sox9 expression. In E9.5 enb5, Sox9-expressing NCCs were localized in the dorsal NT, along the dorsal-lateral migration pathway under the surface ectoderm and ventral-medial migration pathway to the cardinal vein (Figure 5a ). In contrast, in Wnt1-Cre/enb5 mice, no Sox9 immuno-positive NCCs were seen in the dorsal NT or under the surface ectoderm; and only a few Sox9-expressing NCCs were found in the vicinity of the cardinal vein (Figure 5b ). These results suggested that Sox9 might act downstream of Hoxb5 in the same signaling pathway.
HOXB5 binds to SOX9 promoter. In silico analysis predicted three potential HOX-binding sites in the SOX9 promoter: R1A ( À 483 to À 466), R1B ( À 468 to À 450) and R2 ( À 35 to À 16) (Figure 6a) . We evaluated the binding of Figure 1 Reduction of LacZ-expressing cells and shrinkage of DRG in Wnt1-Cre/enb5 mice. (a) LacZ-expressing cells (stained blue) in Wnt1-Cre/R26R and Wnt1-Cre/ R26R/enb5 embryos (E9.0-E10.5) were localized by whole-mount X-gal staining for b-galactosidase. (b) X-gal-stained E12.5 embryos of Wnt1-Cre/R26R and Wnt1-Cre/ R26R/enb5 embryos were sectioned to reveal the spatial distribution of LacZ-expressing cells. Boxed regions were magnified and shown on the right. Arrowheads indicated the LacZ-expressing cells at the dorsal NT. DRG was demarcated with broken line. Expression of Sox10 (purple; c) and Islet1/2 (purple; d) in enb5 and Wnt1-Cre/enb5 embryos was analyzed by whole-mount in situ hybridization. (e) Expression of Islet1/2 (green) on sections of E11.5 enb5 and Wnt1-Cre/enb5 embryos was analyzed by immunofluorescence. Dorsal root ganglion was demarcated with broken line. (f) Average total volume of DRG (mean±S.D.) from the trunk level of E11.5 enb5 and Wnt1-Cre/ enb5 embryos was determined and compared. Volume of DRGs in enb5 embryo was taken arbitrarily as 100%. Average % of Islet1/2 immuno-positive neurons versus total number of cells (mean ± S.D.) in DRG of E11.5 enb5 and Wnt1-Cre/enb5 embryos was determined and compared. Number of embryos analyzed was indicated by 'n'. ba, branchial arch; cr, circumpharyngeal ridge; drg, dorsal root ganglion; fa, facio-acoustic ganglion; fgt, foregut; gg, glossopharyngeal ganglion; li, liver; lmc, lateral motor column; lu, lung; mb, midbrain; nt, neural tube; ov, otic vesicle; sg, sympathetic ganglion; si, small intestine; sn, segmental nerve; t, tail; tg, trigeminal ganglion; vg, vagus ganglion HOXB5 to the SOX9 promoter using electro-mobility shift assay (EMSA) with a glutathione S-transferase (GST)-HOXB5 fusion protein and polymerase chain reaction (PCR) products spanning these binding sequences (Figure 6a) . A retarded band was observed only in the lanes containing the GST-HOXB5 and the PCR fragments (probe)
of R1 and R2. No retarded band was observed if GST-HOXB5 was replaced with GST protein, or if excess unlabeled probe was included in the reaction mixtures. More importantly, the specific binding between GST-HOXB5 and the probe was completely abolished if the respective HOXbinding sequence was deleted from the probe.
We extended this analysis by looking at the binding of HOXB5 to the SOX9 promoter in a neuroblastoma cell line (SK-N-SH) transfected with HOXB5, using chromatin immunoprecipitation (ChIP) followed by quantitative PCR. Binding of HOXB5 to R1 and R2 was significantly enriched compared with the nonspecific IgG control (Figure 6b) . Furthermore, we confirmed the binding of Hoxb5 to the Sox9 promoter in vivo in the central nervous system (CNS) of E9.5 wild-type embryos (Figure 6c ). D.) fold, respectively). Conversely, deletion of R2 increased the induction to 13.52 ± 1.52 (mean±S.D.) fold. Our data revealed that binding of HOXB5 to these elements of the SOX9 promoter increases overall transcription from the SOX9 promoter, which could be attributed to the differential binding of HOXB5 onto R1 to R2.
HOXB5 trans-activation from
Transfection of the dominant-negative form of Hoxb5, enb5, prominently suppressed the trans-activation of SOX9 by HOXB5 (Figure 6e ). To test the mechanism, we generated a vector expressing a Flag-tagged enb5 (Flag-enb5). As expected, Flag-enb5 suppressed HOXB5-transactivated SOX9 promoter activity by 50% (Figure 6e ). ChIP and quantitative PCR analysis revealed a modest but significant enrichment (1.98±0.08 and 1.25±0.06 (mean±S.E.M.) fold for R1 and R2, respectively) of binding of Flag-enb5 to the SOX9 promoter compared with a nonspecific IgG control. This suggested that Flag-enb5, thus enb5, binds to the same regions of the SOX9 promoter as HOXB5 (Figure 6f ). Therefore, HOXB5 binds to the SOX9 promoter and this can be suppressed by the dominant-negative chimera, enb5.
Sox9 alleviates enb5-induced cell death and Hoxb5 induces Sox9 expression in ovo. In ovo electroporation of chick NT with enb5 resulted in obvious cell death in the transfected region but only a few apoptotic cells were detected in the contralateral non-electroporated side. Co-electroporation of Hoxb5 or Sox9 notably reduced Figure 2 Skin hypopigmentation and defective ENS development in Wnt1-Cre/enb5 mice. (a) Melanoblasts in enb5 and Wnt1-Cre/enb5 embryos were localized by in situ hybridization for Dct (purple). Regions highlighted with dotted line were magnified and shown on the right. (b) NCC-derived melanoblasts (stained blue; arrowheads) in Wnt1-Cre/R26R and Wnt1-Cre/R26R/enb5 embryos were localized by X-gal staining. (c) At postnatal day 3 (P3), areas of fur without pigment were observed in Wnt1-Cre/enb5 (mut) mice. Fur was properly pigmented in enb5 (ctrl) littermates. At postnatal day 21 (P21), Wnt1-Cre/enb5 mice developed skin hypopigmentation. (d) NCC-derived melanocytes (stained blue) in adult Wnt1-Cre/R26R and Wnt1-Cre/R26R/enb5 mouse skin were localized by X-gal staining. Hair follicles were demarcated with broken line. (e) Enteric neuroblasts (stained blue) in the developing gut of E16.5 Wnt1-Cre/R26R and Wnt1-Cre/R26R/enb5 embryos were localized by X-gal staining. Dotted regions were magnified and shown as insets. The number of gastrointestinal tract showing different extents of colonization of enteric neuroblasts was indicated by 'n'. (f) Guts of P28 enb5 and Wnt1-Cre/enb5 mice were dissected for morphological examination. The proximal colon of Wnt1-Cre/enb5 mice was swollen but the distal colon was constricted. Sections of the proximal and distal colons of enb5 and Wnt1-Cre/enb5 mice were immunostained (green) for Tuj1 to localize enteric neurons. The levels from which the transverse sections were analyzed were indicated by 'a' and 'b'. Number of gut tissues, embryos or mice analyzed was indicated by 'n'. ce, cecum; cm, circular muscle; co, colon; der, dermis; e, eye; epi, epidermis; mu, mucosa; lm, longitudinal muscle; ov, otic vesicle; st, stomach; si, small intestine Figure 3 Apoptosis of NCCs in Wnt1-Cre/enb5 mice. (a-d) TUNEL staining was performed to localize apoptotic cells (green) on Wnt1-Cre or enb5 embryos and Wnt1-Cre/enb5 sections of the trunk level. Boxed regions were magnified and shown as insets. (e) Section of E9.5 Wnt1-Cre/enb5 embryo was examined by TUNEL staining (green) and immunofluorescence (red) using anti-p75 NTR serum. Number of embryos analyzed was indicated by 'n'. cv, cardinal vein; da, dorsal aorta; ht, heart; pe, pharyngeal ectoderm enb5-induced cell death (Figure 7a ), again suggesting that Sox9 and Hoxb5 act in the same signaling pathway. When chick NT was electroporated with Hoxb5, ectopic expression of Sox9 was induced on the transfected side at 6-12 h, confirming the trans-activation action of Sox9 by Hoxb5 (Figure 7b ). flox/flox embryos were localized by X-gal staining. Number of embryos analyzed was indicated by 'n'. ba, branchial arch; ce, cecum; co, colon; cv, cardinal vein; da, dorsal aorta; der, dermis; drg, dorsal root ganglion; e, eye; epi, epidermis; ht, heart; nt, neural tube; se, surface ectoderm; sg, sympathetic ganglion; st, stomach; si, small intestine; te, telecephalon
Discussion
In this study, we used mice expressing a dominant-negative form of Hoxb5 (enb5) in NCC from all along the NT to investigate the impact of abnormal Hoxb5 signaling in the development of NCC-derived tissues. These Wnt1-Cre/enb5 mice displayed defects in multiple NCC-derived tissues, suggesting that NCCs were affected before lineage specification. TUNEL analysis revealed that pre-migratory and migratory NCC underwent apoptosis in E9.5 Wnt1-Cre/enb5 embryos. Taken together, our previous report 22 and this study indicate that Hoxb5 regulates the survival of vagal and trunk NCC.
In mouse embryos, vagal NCCs enter the foregut at E9.5 and colonize the gut reaching distal hindgut at E14.5. During migration, NCCs proliferate, interact with gut mesenchyme, and differentiate into neurons and glia. NCC growth defects and errors in their interactions with gut mesenchyme contribute to abnormal ENS. 28, 29 In Wnt1-Cre/enb5 embryos, expression of enb5 by Wnt1-Cre led to apoptosis of premigratory and early migratory NCC. Expression of enb5 in vagal NCC by another Cre mouse (b3-IIIa-Cre) resulted in NCC migration defect in the intestine. 22 In b3-IIIa-Cre/enb5 mice, enb5-expressing neuroblasts survive, proliferate and differentiate normally in the intestine, and NCC apoptosis was not observed. The lack of NCC apoptosis in b3-IIIa-Cre/enb5 embryos is attributed to a more restricted and late expression of enb5 in b3-IIIa-Cre/enb5
22 than that in Wnt1-Cre/enb5. All these indicate that the differentiation and proliferation of neuroblasts in the intestine is largely unaffected by enb5. ENS defect in Wnt1-Cre/enb5 mice is mainly attributed to NCC apoptosis, which leads to reduction of the population size of the NCC entering the gut. Whether enb5 affects NCC formation requires further investigation. Hoxb5 is also expressed in gut mesenchyme, suggesting it may influence the gut environment. 17 However, enb5 is only expressed in NCC in this and previous 22 studies, indicating that ENS anomalies in these mice are due to defective NCC growth.
Sox9 is required for NCC development, and we have demonstrated that blocking Hoxb5 downregulated Sox9 expression in these cells. HOXB5 binds to SOX9 promoter and induces SOX9 expression, and this induction of SOX9 promoter activity was substantially reduced by enb5. The human and mouse Sox9 promoters share high sequence conservation (470%), and Hoxb5-binding sites were also identified within the mouse Sox9 promoter (Supplementary Figure 2) . ChIP assay on CNS confirmed that Hoxb5 bound to the mouse Sox9 promoter. More importantly, expression of enb5 in NCC reduced Sox9 expression in pre-migratory and migratory NCC in Wnt1-Cre/enb5 embryos. Our findings revealed that apoptosis of trunk NCC and defects in multiple trunk NCC-derived tissues in Wnt1-Cre/enb5 were consequences of downregulated Sox9 expression in NCC.
Wnt1-Cre/Sox9 flox/flox mice displayed craniofacial defects resembling campomelic dysplasia in human. 30 Cranial NCCderived cartilages and endochondral bones of the head were completely absent in Wnt1-Cre/Sox9 flox/flox mice, but development of trunk NCC-derived structures was not addressed. Wnt1-Cre/enb5 mice also display domed skull and short snout as Wnt1-Cre/Sox9 flox/flox mice, but the cranial NCC-derived skeletal elements are not absent but malformed in Wnt1-Cre/ enb5 heads (unpublished data). Different fates of NCC are dictated by both the intrinsic properties and external environmental factors. Trunk NCCs show overlapping Hoxb5 and Sox9 expression pattern and they committed to apoptosis when there is a loss of Hoxb5 or Sox9 functions in respective mutant mice. However, in cranial NCC, the expression patterns of Hoxb5 20, 21, 24 and Sox9 31,32 in mice are not completely overlapping, which indicates that Hoxb5 alone is neither sufficient nor essential for Sox9 expression. Moreover, the apoptotic patterns seen in the developing heads of Wnt1-Cre/Sox9 flox/flox and Wnt1-Cre/enb5 mice were not exactly the same too (unpublished data). These suggested that the regulation of Hoxb5 on Sox9 in trunk NCC may not be identical to that in cranial NCC. Therefore, it is not totally unexpected to observe phenotypic differences in some NCC-derived tissues between Wnt1-Cre/Sox9 flox/flox and Wnt1-Cre/enb5 mice, and Sox9 deletion or enb5 expression by Wnt1-Cre may affect different developmental aspects of cranial NCC.
Sox9 provides the competence for trunk NCC to migrate from the NT; it is also required for NCC survival. 27 However, not all the trunk NCC died in Sox9 À / À mutants, as some NCC-derived neuro-glial components were still present in the DRG and peripheral nerve as shown by the residual expression of Brn3.0 (neuron marker) and Sox10 (glia marker), 27 indicating that the generation and survival of a subpopulation of trunk NCC was independent of Sox9 function.
Wnt1-Cre/enb5 and Wnt1-Cre/Sox9 flox/flox mutants display some common phenotypes including NCC apoptosis, defective ENS, reduction of DRG and sympathetic ganglia, however, the pigmentation defect was observed only in Wnt1-Cre/enb5. The ENS defects in Wnt1-Cre/Sox9 flox/flox mutants denoted that Sox9 was also required for vagal NCC development in addition to its inductive and survival roles in trunk NCC. In mouse, trunk NCCs migrate to their target organs in three waves: the first two migrate ventral-medially to Figure 5 Reduction of Sox9 expression in Wnt1-Cre/enb5 mice. (a and b) Sox9-expressing cells (green; arrows) were localized in E9.5 Wnt1-Cre or enb5 (a) and Wnt1-Cre/enb5 (b) embryos by immunofluorescence using anti-Sox9 serum on sections of the trunk level. Regions highlighted were magnified and shown as insets. Arrowhead denoted the notochord. Number of embryos analyzed was indicated by 'n'. cv, cardinal vein; da, dorsal aorta; ht, heart; nt, neural tube generate the neuro-glial derivatives at E9.0-E10.5, including the DRG and sympathetic ganglion; the third wave migrates dorsal-laterally along the surface ectoderm and dermomyotome to form the skin melanoblasts at E10.5-E13.5. 33 In line with the role of Sox9 in NCC survival, deletion of Sox9 in Wnt1-Cre expressing cells led to NCC apoptosis, DRG, sympathetic ganglion and ENS defects. The lack of a pigmentation defect in Wnt1-Cre/Sox9 flox/flox mice implies that the survival of trunk NCC at the later embryonic stage, which give rise to skin pigment cells, is not so dependent on Sox9. Another SoxE gene, Sox10, is essential for the specification of NCC into melanoblast and glia cells. [34] [35] [36] [37] In silico analysis identified potential Hox-binding sites in the Sox10 promoter (unpublished data), future investigation could address the relationship between Hoxb5, Sox10 and pigmentation defect in Wnt1-Cre/enb5 mice.
Hirschsprung disease (HSCR, MIM142623) is a neurocristopathy of ENS deficiency, characterized by the absence of enteric ganglia from variable lengths of the gut. Approximately 30% of HSCR patients exhibit additional NCC-associated anomalies, known as syndromic HSCR. 28, [38] [39] [40] Mutations in SOX10, EDN3 or EDNRB have been identified to be responsible for 65-85% of the syndromic HSCR cases with pigmentation defects, whereas genes responsible for the remaining cases still left undetermined. 41 Especially for EDN3, a reduction in spinal sensory innervation of the rectum was reported in mice with disruption of Edn3 gene expression. 42 In line with this, this study also showed that perturbation of Hoxb5 function in NCC of mice causes multiple neurological phenotypes and hypopigmentation, resembling some of the phenotypes of syndromic HSCR. Nevertheless, the causal relationship between abnormal HOXB5 function and HSCR in human deserves further investigation, in particular, the identification of a dominant-negative type of HOXB5 mutation in these patients. Determination of the sizes of DRG in embryos. Transverse sections (10 mm in thickness) from the trunk level (between the forelimb bud and the hindlimb bud) were mounted onto glass slides, stained with hematoxylin and eosin. Photos of 300 consecutive sections of each embryo were taken at 100 Â on a Nikon Eclipse E600 microscope (Tokyo, Japan) fitted with Sony Digital Camera DSM1200F (Tokyo, Japan). DRG on either side of the NT in the photos were demarcated manually. The area of DRG on each section was determined using the software ImageJ (NIH, Bethesda, MD, USA) and an arbitrary value was given. The volume of DRG on each section was then determined by multiplying the total area of the DRG (on each side of the NT) by 10 (each section was of 10 mm in thickness).
In situ hybridization. In situ hybridization was performed on whole embryos to detect the expression of Sox10 and Islet1/2 as previously described. 45 Electro-mobility shift assay. PCR products spanning the putative HOXbinding sites of the human SOX9 promoter were labeled with Biotin-11-UTP (Pierce, Thermo Fisher Scientific, Rockland, MA, USA), EMSA was performed as previously described. 46 ChIP and quantitative PCR assay. ChIP assay on human neuroblastoma cell line SK-N-SH (#HTB-11) (ATCC, Manassas, VA, USA) transfected with HOXB5 or Flag-enb5 was performed as previously described. 46 ChIP assay on mouse developing CNS was performed with head and NT tissues from 27 E9.5 WT mouse embryos with minor modifications. 46, 47 See Supplementary Information for quantitative PCR primers for human and mouse Sox9 promoters.
Transient transfection and dual-luciferase reporter assay. A SOX9-luciferase reporting construct containing the 1100 bp ( À 1034 to þ 36) DNA fragment of the human SOX9 promoter 48 and the luciferase gene was used for the study. Mutated SOX9-luciferase constructs with the predicted HOX-binding sites deleted were generated using QuikChange Site-Directed Mutagenesis Kit (Stratagene, Santa Clara, CA, USA). The dual-luciferase reporter assay was performed as previously described. 46 At least two independent triplicate or quintuplicate experiments were performed, and the luciferase activity was presented as relative luciferase unit normalized with the Renilla luciferase internal control.
Chick in ovo electroporation. Enb5 and chick Hoxb5 were cloned into pCIG expression vector, 49 upstream of an internal ribosomal entry site (IRES) and a nuclear localization sequence-tagged enhanced green fluorescent protein (EGFP). HH10-11 chick embryos (SIPAFASI, Jinan, China) were electroporated with Hoxb5, enb5 or Sox9 50 (4 mg/ml) either alone or in combination. pCAGGS-IRES-nls-EGFP (pCIG) was co-injected at a concentration of 1 mg/ml to monitor the injection and electroporation.
Statistical analyses. ANOVA was performed for all experiments to calculate the differences between groups, and P-value o0.05 was regarded as statistical significant.
Conflict of Interest
The authors declare no conflict of interest.
